Abstract. S-adenosylmethionine (SAMe) is a key metabolite regulating growth, differentiation and death of hepatocytes. Experimentally, exogenous SAMe has been documented to attenuate hepatocarcinogenesis. The aim of our study was to evaluate the effect of SAMe on proliferation of hepatocytes that are not cancerously transformed.
Introduction
S -adenosylmethionine (SAMe) is a naturally occurring substance produced from methionine and adenosine triphosphate in reaction catalyzed by methionine adenosyltransferase (MAT) in the cytosol of almost all mammalian cells, however liver is the major site of its synthesis and utilization (Mato et al. 1997) . SAMe has been demonstrated to protect hepatocytes from damage induced in experimental models by hepatotoxins (Wu et al. 1996; Valentovic et al. 2004; Lotková et al. 2005; Kučera et al. 2006; Lotková et al. 2007) or accompanying human chronic liver diseases (Frezza et al. 1990; Manzillo et al. 1992) . Recently, SAMe is mainly considered a key compound regulating proliferation, differentiation and cell death (Lu and Mato 2008) . There is growing evidence that SAMe administration inhibits growth of human or experimentally induced hepatocellular carcinoma ) and attenuates the development of preneoplastic cells (Pascale et al. 1995 (Pascale et al. , 2002 thus making SAMe an attractive agent for chemoprevention and treatment of hepatocellular carcinoma. The aim of our study was to evaluate the effect of SAMe treatment on the intensity of liver regeneration (the growth of cells that are not cancerously transformed) with respect to the dose of SAMe.
Materials and Methods

Animal experiments
Male albino Wistar rats (BioTest, Konárovice, Czech Republic) were housed at 23 ± 1°C, 55 ± 10% relative humidity, air exchange 12-14 times/h, and 12-h light/dark cycle periods (6:00 a.m. to 6:00 p.m.). The animals had free access to standard laboratory rat chow (DOS 2B, Velaz, Czech Republic) and tap water. All animals received care according to the guidelines set by the institutional Animal Use and Care Committee of the Charles University, Prague, Czech Republic.
Partial hepatectomy (PH -removal of 65-70% of liver tissue) was performed under ether anesthesia according to Higgins and Anderson (1931) . In sham-operated rats median laparotomy and mobilization of the liver were carried out. SAMe (Transmetil, Abbott, Czech Republic) was injected i.m. immediately after the operation and then at 24 h intervals for two days at the doses of 10 and 40 mg/kg. Control animals received i.m. injection of an equal amount of saline. The animals were sacrificed 24, 48 and 72 h after operation by exsanguination from abdominal aorta. The blood was collected for biochemical assays and livers were removed immediately.
Biochemical analysis
Plasma levels of alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were determined using commercial sets Roche (Basel, Switzerland) and performed with an analyser Modular (Roche; Basel, Switzerland).
Liver triacylglycerol content was determined by slightly modified method according to Jover (1963) .
For estimation of liver DNA synthesis, the rats were labeled by an i.v. injection of 3 H-thymidine (200 µCi/kg b.w. one hour before sampling). The radioactivity of livers was measured according to Short et al. (1969) using LS 6 000LL scintillation counter (Beckman Instruments, Fullerton, Ca, USA). Liver DNA concentrations were determined by the diphenylamine reaction (Burton 1956 ) from which the specific DNA activity was calculated.
Liver homogenates were used for the analysis of reduced glutathione (GSH) by reverse-phase high-performance liquid chromatography (Shimadzu, Japan) using the method of Hissin and Hilf (1976) that was slightly modified (Kanďár et al. 2007 ). The reverse-phase column Discovery C18, 15 cm × 4 mm ID, 5 μm particles (Supelco, USA), served for separation. Fluorometric detection (excitation wavelength 350 nm, emission wavelength 420 nm) followed a postcolumn derivatization reaction with o-phthalaldehyde. The CSW32 programme (DataApex, Czech Republic) was used for collecting and processing of the chromatographic data.
Statistical analysis
All values are expressed as means ± SD. One-way ANOVA test was used to determine the statistical significance. TukeyKramer´s post hoc test was used for multiple comparisons between groups (GraphPad Instant 3.06 for Windows, GraphPad Software, CA, USA).
Results
Serum ALT and AST activities
24 h after PH, ALT activity in the serum was rised ( Fig. 1 ) as compared to control (p < 0.05). Then, ALT activity de- Figure 1 . ALT activity in the serum 24, 48 and 72 h after operation: in intact animals, after laparotomy (LAP), after laparotomy and treatment with SAMe at 10 mg/kg (LAP+SAMe10), after laparotomy and treatment with SAMe at 40 mg/kg (LAP+SAMe40), after PH, after PH and treatment with SAMe at 10 mg/kg (PH+SAMe10), after PH and treatment with SAMe at 40 mg/kg (PH+SAMe40). + p < 0.05, +++ p < 0.001 vs. LAP. clined continuously, nevertheless it sustained at 48 h (p < 0.05) and 72 h (p < 0.001) significantly higher compared to sham-operated group. SAMe treatment did not influence this ALT activity. Fig. 2 documents AST activity in the serum. Analogous to the development of ALT activity, 24 h after PH the activity of AST rised as compared to control (p < 0.001) and then declined. SAMe treatment did not change AST activity.
Liver DNA synthesis Fig. 3 demonstrates low DNA synthesis in the liver of sham-operated rats. 24 h after PH, liver DNA synthesis was significantly higher as compared to sham-operated rats (p < 0.001). Then, DNA synthesis lowered, neverheless the values persisted significantly higher at 48 h (p < 0.001) and 72 h (p < 0.05). SAMe treatment at 10 mg/kg was accompanied with decrease in DNA sythesis 48 h after PH as compared to animals with PH that were untreated (p < 0.05). This decline did not continue as determined 72 h after surgery in contrast to the untreated group. SAMe at the dose of 40 mg/kg led to decrease in DNA synthesis 72 h after PH (p < 0.05).
Liver DNA content 24 h after PH, the liver DNA content was significantly lower (Fig. 4 ; p < 0.001) in hepatectomized group compared to the controls. Then, DNA content rised gradually, nevertheless the values were always sidnificantly lower as compared to controls (p < 0.001). SAMe treatment at 10 mg/kg in sham-operated rats caused after both the 48-and 72-h intervals significant decrease in DNA content as compared to untreated controls (0.001). This effect was not observed in hepatectomized group. SAMe treatment with 40 mg/kg was accompanied with lower DNA content 72 h after PH compared to untreated hepatectomized rats (p < 0.05). 
Liver triacylglycerols (TAG) content
PH induced a continuous rise in the liver TAG content compared to sham-operated group (p < 0.001) - Fig. 5 . SAMe treatment at 10 mg/kg alleviated this increase 24 h after PH as compared to untreated hepatectomized group (p < 0.01). Contrary to untreated controls, lower TAG content was also determined 24 h after laparotomy and treatment with SAMe at 40 mg/kg (p < 0.001).
Liver GSH content
48 h after PH, a significant rise of reduced form of GSH was observed compared to sham-operated animals (p < 0.001). Fig. 6 documents, SAMe treatment (40 mg/kg) after laparotomy was accompanied with decrease in reduced GSH compared to untreated group (p < 0.01).
Discussion
The majority of hepatocytes in the liver of adult vertebrates are resting in the G 0 state of the cell cycle. In the early period of 0-5 h after PH called priming; hepatocytes enter from quiescence to the G 1 phase of the cell cycle before they can fully respond to growth factors. Within 30 min after PH, preexisting transcription factors are activated and subsequently they trigger the transcription of immediate-early genes encoding proteins that regulate later phases in G 1 (Taub 1996; Fausto 2000; Michalopoulos 2008 ). Activation of the relevant transcription factor nuclear factor-κß (NF-κß) is mediated by tumor necrosis factor α (TNFα) signaling pathway (Fausto 2000) that generates an excess of reactive oxygen species (ROS). The excess ROS is dissipated during a few hours of the regenerative response through the action of GSH and other thiols. The finding of Huang et al. (1998) showes that GSH level is doubled at 12 h and remains elevated at 24 h after PH. Preventing this increase in liver GSH leads to the inhibition of DNA synthesis (Huang et al. 2001 ). The requirement for increased GSH prior to DNA synthesis can be related to the activity of the rate-limiting enzyme in DNA synthesis ribonucleotide reductase (Holmgren 1981) .
A range of studies have documented exogenous SAMe as a hepatoprotective substance exerting its beneficial effects by different pathways. At a cellular level SAMe acts as a methyl group donor in many transmethylation reactions, including the methylation of phospholipids within the cell membranes whereby plasma membrane fluidity is restored. The transsulfuration pathway of SAMe metabolism is important for biosynthesis of GSH. The addition of SAMe was documented to increase GSH levels in carbon tetrachloride-treated rats (Gassó et al. 1996) , in hepatocytes cultured both with Dgalactosamine (Wu et al. 1996) and GSH-depleting drugs (Ponsoda et al. 1991) . We assumed that SAMe treatment could lead to the increase in GSH synthesis thus affecting the intensity of DNA synthesis. For clinical application, the doses of SAMe from 5 to 12 mg/kg are recommended. In our study, SAMe was used after PH and laparotomy, respectively, at dose either 10 or 40 mg/kg. In accordance with other authors, our results demonstrate the increase in GSH content in the liver of hepatectomized rats. Nevertheless, SAMe treatment in both doses did not change the GSH content. Similarly, the increase in GSH content was not observed after hepatectomy in rats that were pretreated with SAMe at 10 mg/kg (Fernández et al. 2003) .
Liver regeneration was estimated 24, 48 a 72 h after PH by the measurement of DNA synthesis and DNA content in the liver. PH induced a dramatic increase in DNA synthesis peaked at 24 h after surgery. Even though, DNA content was lower as a consequence of PH, it raised during 72 h after surgery. SAMe treatment at dose 10 mg/kg was associated with attenuation of DNA synthesis that was not followed by a reduction of DNA content in the liver. Nevertheless, SAMe treatment with 40 mg/kg was accompanied by both attenuation of DNA synthesis and decrease in DNA content in the liver. In parallel with the early regenerative events the liver accumulates large amounts of TAG fat (Murray et al. 1981 ). In our study, a significant augmentation of TAG content was registered 24 h after PH. Further, the steatosis intensified at 48-and 72-h intervals. SAMe treatment diminished fat accumulation in the liver 24 h after PH. Unfortunately, this effect of SAMe could be measured only at lower dose because of technical occasion. We can presume SAMe to affect liver steatosis at higher dose with respect to that this dose of SAMe led to the restriction of liver TAG even after laparotomy. Although mechanism responsible for liver steatosis and its functional importance during liver regeneration remain unclear, anyhow hepatocellular fat accumulation has been registered to be essential for normal liver regeneration (Shteyer et al. 2004) . This can be supported by finding that proliferation of primary hepatocytes in cell culture is associated with marked intracellular accumulation of fat (Michalopoulos et al. 1982) . First two days after major hepatectomy, the remnant liver is mainly dependent upon the oxidation of fatty acids giving evidence for the significance of fat accumulation in the liver (Simek and Sedlácek 1965; Nakatani et al. 1981) . Moreover, enteral feeding with medium-chain TAG and long-chain TAG supplement actually preserved liver regeneration (Červinková et al. 1995; Bláha et al. 1999) . Our current results indicate the inhibitory effect of SAMe on liver fat accumulation induced by PH. Mechamisms by which SAMe can attenuate fat accumulation in hepatocytes have been studied using ethanol-induced steatosis. SAMe supplementation attenuated the ethanol-induced rise of TAG in cultured hepatocytes (Kharbanda et al. 2005 ) that was accompanied with the prevention of decrease in the activity of SAMe-dependent methyltransferase (phosphatidylethanolamine methyltransferase; PEMT). PEMT was shown to play an important role in the synthesis and secretion of very low density lipoproteins (VLDL) in hepatocytes (Noga et al. 2002; Zhu et al. 2003) . In micropigs, supplementing ethanol diets with SAMe reduced liver triacylglycerol levels by upregulation of adiponectin-mediated pathways and decreased fatty acid and TAG synthesis (Esfandiari et al. 2007) .
Not only the effects of SAMe resulting from its metabolism but also an intracellular concentration of SAMe itself can affect the growth of cells. In hepatocytes, SAMe levels are related to the differentiation status, being high in quiescent and low in proliferating cells Lu and Mato 2008) . Three isoforms of MAT (MAT I, MAT II, MAT III) have been identified in mammalian tissues. Under normal conditions, MAT I/III are the main isoforms present in the liver. MAT I and III are encoded by the gene MAT1A that is expressed only in the adult liver (Gil et al. 1996) . The expression of the widely distributed gene MAT2A that encodes MAT II is associated with liver cell growth. SAMe level falls early in the course of liver regeneration and reaches its lowest level around 12 to 24 h after PH in rats. This fall in SAMe content coincides with increased expression of MAT2A (Huang et al. 1998) . In cultured rat hepatocytes, MAT1A expression progressively decreases and MAT2A expression is induced. This switch in gene expression was prevented by adding SAMe to the culture medium (García-Trevijano et al. 2000) . SAMe treatment in rat hepatocyte culture also inhibited hepatocyte growth factor-induced cyclin D1 and D2 expression resulting in the inhibition of DNA synthesis (García-Trevijano et al. 2002) . Then the addition of exogenous SAMe can prevent the regenerating liver from the fall in SAMe content (Pascale et al. 1995 ) that seems to be a crucial for progression of the cell cycle and hepatocyte growth.
We have confirmed the dose-dependent inhibitory effect of SAMe on liver regeneration that may be mediated by an attenuation of the fat accumulation in the liver. Intracellular GSH level correlating with growth rate was not affected by SAMe. Prevention of SAMe depletion in the liver as a factor attenuating regenerative response remains to be verified.
